Abstract: Carbon fiber reinforced thermoplastics (CFRTPs) are expected to be used for the structural parts of automobiles and aircraft due to their mechanical properties, such as high specific stiffness, high specific strength, short molding times and high recyclability. The fiber/matrix interface of the composite plays an important role in transmitting stress from the matrix to the reinforcing fibers. It was reported that grafting of carbon nanotubes (CNTs) on the carbon fiber can improve the fiber/matrix interfacial property. We have reported that CNTs, which are directly grafted onto carbon fiber using Ni as the catalyst by the chemical vapor deposition (CVD) method, can improve the fiber/matrix interfacial shear strength (IFSS) of carbon fiber/polyamide 6 (PA6). For practical use of CFRTPs, it is important to clarify the effects of water absorption on the mechanical properties of the composite material. In this study, the effects of water absorption on the fiber-matrix interfacial shear strength (IFSS) of carbon fiber reinforced polyamide resin and CNT-grafted carbon fiber reinforced polyamide resin were clarified by the single fiber pull-out test for specimens preserved in air, then in water for 24 h and re-dried after water absorption. The IFSS of carbon fiber/PA6 was significantly decreased by water absorption. In contrast, CNT-grafted carbon fiber/PA6 showed smaller degradation of the IFSS by water absorption.
Introduction
Carbon fiber reinforced thermoplastics (CFRTPs) are expected to be used for the structural parts of automobiles and aircraft due to their mechanical properties, such as light weight, high specific stiffness, high specific strength, short molding times and high recyclability [1] [2] [3] [4] [5] . The mechanical behavior of composites depends not only on the properties of the reinforcing fibers and the matrix, but also on the characteristics of the interface between the fiber and the matrix [6, 7] , as the fiber-matrix interface is responsible for stress transfer from the matrix to the reinforcing fibers. It is necessary to control their interfacial properties. For this purpose, the surface modification of carbon fibers [8] [9] [10] has been conducted for many years.
Carbon nanotubes (CNTs) are graphene sheets in the shape of a tube whose diameter is on the nanometer order. With their small size and remarkable mechanical, electrical and thermal properties, CNTs have been considered promising materials to be used in advanced composites [11] . CNTs are generally produced by carbon-arc discharge, laser ablation, and chemical vapor deposition (CVD). Among them, CVD has the specific characteristic to graft CNTs directly onto carbon fibers [11] [12] [13] .
On the other hand, grafting CNTs using the CVD method sometimes weakens the strength of the carbon fibers. In previous studies, CNTs were grafted onto carbon fibers at over 700 • C and the tensile strength of CNT-grafted carbon fiber was decreased due to degradation by oxidation [14] [15] [16] . It is reported that CNTs were grafted onto a copper plate at a low temperature of 500 • C by an alcohol CVD method using Ni for the metal catalyst and ethanol for the carbon source [17] . We developed CNT grafting methods using Ni as a catalyst for CNT-deposition and ethanol as a gas at a relatively lower temperature of 600 • C or less [18] . We reported that the grafting of carbon CNTs onto carbon fibers can improve the fiber-matrix interfacial shear strength (IFSS) with thermoplastics due to the increase of the surface area and mechanical interlocking by CNTs [18] .
It was also reported that the fiber-matrix interfacial shear strength with thermoset plastic was improved by grafting CNT onto carbon fiber [19] and the mechanical properties of CFRP using CNT-grafted CF were improved [20] .
Polyamide has an expected use in the automobile industry since it has an affordable price with high mechanical properties and can be molded at a relatively low temperature of 230 • C; however, it has a disadvantage in that it absorbs water [21, 22] . Considering the service condition of CFRTPs, such as on a rainy day, it is necessary to evaluate the effects of water absorption on their mechanical properties. We have reported that the fiber-matrix interfacial shear strength, measured by single fiber pull-out tests using a model composite of carbon fiber reinforced polyamide 6, decreases due to water absorption [23, 24] . The effect of water absorption on the strength of CNT-grafted carbon fiber reinforced polyamide resin has yet to be clarified.
In this study, the swelling of the polyamide 6 resin by water absorption at 80 • C for 24 h was measured. Additionally, the effects of water absorption on the fiber-matrix interfacial shear strength of CNT-grafted carbon fiber reinforced polyamide 6 resin were investigated by using single fiber pull-out tests.
Materials and Methods

Materials and Methods of CNT Deposition
Spread PAN-based carbon fibers (Nippon Tokushu Fabric, Katsuyama, Japan), hereafter referred to as As-received-carbon fiber (CF)) and polyamide 6 (PA6, 1015B, Ube Industries, Ltd., Tokyo, Japan), were used for a single fiber pull-out test. Ni particles were plated onto the surface of the carbon fibers as a catalyst metal for CNT grafting by the electrolytic Ni plating method as shown in Figure 1 . The components of the plating bath were Nickel sulfate hexahydrate (240 g/L), nickel chloride hexahydrate (45 g/L) and boracic acid (30 g/L). The plating time was set for 15 s and the current density was set for 0.13 mA/mm 2 . These Ni-plated carbon fibers are referred to as Ni-CF.
CNTs were directly grafted onto the carbon fibers by the CVD system (MPCVD-70, Microphase, Tsukuba, Japan) at 600 • C with a flow of ethanol as the carbon source at a flow rate of 2 mL/min to deposit the CNTs as shown in Figure 2 . The flow rate of Ar gas was 200 mL/min, and ethanol gas was injected for 30 min. CNT-grafted carbon fibers are referred to as CNT-CF. These carbon fibers were observed by scanning electron microscope (SEM, JSM-6390LT, JEOL Ltd., Tokyo, Japan) and field emission scanning electron microscope (FE-SEM, JSM-7500FD, JEOL). 
Single Fiber Pull-Out Test
The fiber-matrix interfacial shear strength (IFSS) of the as-received carbon fiber and the CNT-grafted carbon fiber (CNT-CF) with polyamide 6 was measured by a single fiber pull-out test. Figure 3 shows a schematic drawing of the fabrication of a pull-out test specimen. After a single carbon fiber was glued to a tab, it was then attached to a micromanipulator. Polyamide resin was placed on the aluminum plate and heated to 230 °C. After the single fiber was embedded into the melted resin by operating the micromanipulator, it was then air-cooled. These specimens are referred to as Dry. Some specimens were immersed in pure water at 80 °C for 24 h, and are referred to as Wet. The water absorbed specimens (Wet) that were dried by keeping them in a thermostatic chamber at 80 °C for 24 h are referred to as Redry. Single fiber pull-out tests were conducted by a micro-material testing machine (MMT, MMT-11N, Shimadzu, Kyoto, Japan) with a 2.5 N load cell at a displacement rate of 1.67 × 10 −5 /s (1 mm/min) as shown in Figure 4 . The diameter of each carbon fiber was measured by SEM after each single fiber pull-out test.
The fiber-matrix interfacial shear strength, τ, was calculated by the following Equation (1):
where max F is the maximum load in the pull-out test, d is the fiber diameter and l is the embedded fiber length. 
The fiber-matrix interfacial shear strength (IFSS) of the as-received carbon fiber and the CNT-grafted carbon fiber (CNT-CF) with polyamide 6 was measured by a single fiber pull-out test. Figure 3 shows a schematic drawing of the fabrication of a pull-out test specimen. After a single carbon fiber was glued to a tab, it was then attached to a micromanipulator. Polyamide resin was placed on the aluminum plate and heated to 230 • C. After the single fiber was embedded into the melted resin by operating the micromanipulator, it was then air-cooled. These specimens are referred to as Dry. Some specimens were immersed in pure water at 80 • C for 24 h, and are referred to as Wet. The water absorbed specimens (Wet) that were dried by keeping them in a thermostatic chamber at 80 • C for 24 h are referred to as Redry. Single fiber pull-out tests were conducted by a micro-material testing machine (MMT, MMT-11N, Shimadzu, Kyoto, Japan) with a 2.5 N load cell at a displacement rate of 1.67 × 10 −5 /s (1 mm/min) as shown in Figure 4 . The diameter of each carbon fiber was measured by SEM after each single fiber pull-out test.
where F max is the maximum load in the pull-out test, d is the fiber diameter and l is the embedded fiber length. Figure 5 shows the surface of Dry-Ni-CF and Dry-CNT-CF. While Ni can be observed on the surface of Dry-Ni-CF, there are some places where Ni does not exist. The sizing agent, which has a higher electric resistance than carbon fiber, is considered to cover this area. Therefore, Ni is less likely to be plated on the sizing agent adhering area. CNTs have grown on the surface of the Dry-CNT-CF, as Ni acts as a catalyst. Figure 6 shows the length change of polyamide 6 by water absorption. The length of the polyamide 6 increased by 2.4% after it was immersed in pure water at 80 °C for 24 h. After the polyamide 6 was re-dried in a hot chamber at 80 °C for 24 h, the length returned to almost the same length as in its initial condition (0.05%). The length of the actual pull-out test piece is much smaller than the length of the resin measured. Therefore, the re-drying process of 80 °C for 24 h, which was applied to the wet specimens to re-dry, is enough to fully remove the water in Redry specimens. Figure 5 shows the surface of Dry-Ni-CF and Dry-CNT-CF. While Ni can be observed on the surface of Dry-Ni-CF, there are some places where Ni does not exist. The sizing agent, which has a higher electric resistance than carbon fiber, is considered to cover this area. Therefore, Ni is less likely to be plated on the sizing agent adhering area. CNTs have grown on the surface of the Dry-CNT-CF, as Ni acts as a catalyst. Figure 6 shows the length change of polyamide 6 by water absorption. The length of the polyamide 6 increased by 2.4% after it was immersed in pure water at 80 °C for 24 h. After the polyamide 6 was re-dried in a hot chamber at 80 °C for 24 h, the length returned to almost the same length as in its initial condition (0.05%). The length of the actual pull-out test piece is much smaller than the length of the resin measured. Therefore, the re-drying process of 80 °C for 24 h, which was applied to the wet specimens to re-dry, is enough to fully remove the water in Redry specimens. Figure 5 shows the surface of Dry-Ni-CF and Dry-CNT-CF. While Ni can be observed on the surface of Dry-Ni-CF, there are some places where Ni does not exist. The sizing agent, which has a higher electric resistance than carbon fiber, is considered to cover this area. Therefore, Ni is less likely to be plated on the sizing agent adhering area. CNTs have grown on the surface of the Dry-CNT-CF, as Ni acts as a catalyst. Figure 5 shows the surface of Dry-Ni-CF and Dry-CNT-CF. While Ni can be observed on the surface of Dry-Ni-CF, there are some places where Ni does not exist. The sizing agent, which has a higher electric resistance than carbon fiber, is considered to cover this area. Therefore, Ni is less likely to be plated on the sizing agent adhering area. CNTs have grown on the surface of the Dry-CNT-CF, as Ni acts as a catalyst. Figure 6 shows the length change of polyamide 6 by water absorption. The length of the polyamide 6 increased by 2.4% after it was immersed in pure water at 80 °C for 24 h. After the polyamide 6 was re-dried in a hot chamber at 80 °C for 24 h, the length returned to almost the same length as in its initial condition (0.05%). The length of the actual pull-out test piece is much smaller than the length of the resin measured. Therefore, the re-drying process of 80 °C for 24 h, which was applied to the wet specimens to re-dry, is enough to fully remove the water in Redry specimens. Figure 6 shows the length change of polyamide 6 by water absorption. The length of the polyamide 6 increased by 2.4% after it was immersed in pure water at 80 • C for 24 h. After the polyamide 6 was re-dried in a hot chamber at 80 • C for 24 h, the length returned to almost the same length as in its initial condition (0.05%). The length of the actual pull-out test piece is much smaller than the length of the resin measured. Therefore, the re-drying process of 80 • C for 24 h, which was applied to the wet specimens to re-dry, is enough to fully remove the water in Redry specimens. Figure 7 shows the fiber-matrix interfacial shear strength obtained by single fiber pull-out tests. We reported that CNT-grafted carbon fiber has higher fiber-matrix interfacial shear strength than As-received carbon fiber [12] . As observed in the previous study, the fiber-matrix interfacial shear strength of Dry-CNT-CF is higher than that of Dry-As-received-CF. Wet-As-received-CF decreased by 51% and Wet-CNT-CF decreased by 18% compared to the dry version. Although the fiber-matrix interfacial shear strengths of Wet-As-received-CF and Wet-CNT-CF decreased due to water absorption, the decrease rate of Wet-CNT-CF is lower than that of the Wet-As-received-CF. The decrease rate due to water absorption was suppressed by CNT grafting on carbon fibers. For both As-received-CF and CNT-CF, the fiber-matrix interfacial shear strength of the Redry specimen is almost the same as the dry specimen. Re-drying can recover the fiber-matrix interfacial shear strength after water absorption. Figure 8 shows the SEM images of pulled-out carbon fibers. In Dry-As-received-CF, the fiber surface is smooth and resin does not remain on the fiber surface. The fiber surface is similarly smooth in Wet-As-received-CF as well as in Redry-As-received-CF. However, in Wet-CNT-CF, a small amount of resin remains on the fiber surface. Furthermore, resin remains on the fiber surface close to the meniscus in Dry-CNT-CF and Redry-CNT-CF.
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Single Fiber Pull-Out Test
The shear strength of polyamide 6 is reported to be about 95% of its tensile strength [25] . The shear strength of polyamide 6 used in this study was not reported. However, considering that the tensile strength of PA6 (1015B) is 71 MPa [26], the shear strength is assumed to be around 67 MPa. The fiber-matrix interfacial shear strength of Dry-CNT-CF is close to the shear strength of the matrix resin of polyamide 6. Due to the high fiber-matrix interfacial shear strength of CNT-grafted carbon fiber reinforced polyamide 6, fracture is considered to occur in the resin instead of the fiber-matrix interface and, therefore, the resin remains on the fiber surface of Dry-CNT-CF.
In our previous study, we conducted single fiber pull-out tests at high temperature using carbon fiber reinforced polyamide resin and analyzed the thermal expansion of polyamide 6 [27] . Figure 9 shows the schematic drawing of residual stress at the fiber-matrix interface, which is decreased by high temperature. During the preparation process of the specimen, resin tightens the fiber due to the thermal shrinkage of the resin. This tightening stress will be the residual stress at the fiber-matrix interface. We have clarified that the expansion of the resin by high temperature in the radially outward direction reduced the residual stress as shown in Figure 9 , and decreased the fiber-matrix interfacial shear strength in the pull-out tests [27] . Figure 10 shows a schematic drawing of the residual stress that varied by water absorption and re-drying. Polyamide (PA) 6 expanded with the weight increase by the water absorption as shown in Figure 6 , which is similar to the behavior at high temperature. The fiber-matrix interfacial shear Figure 7 shows the fiber-matrix interfacial shear strength obtained by single fiber pull-out tests. We reported that CNT-grafted carbon fiber has higher fiber-matrix interfacial shear strength than As-received carbon fiber [12] . As observed in the previous study, the fiber-matrix interfacial shear strength of Dry-CNT-CF is higher than that of Dry-As-received-CF. Wet-As-received-CF decreased by 51% and Wet-CNT-CF decreased by 18% compared to the dry version. Although the fiber-matrix interfacial shear strengths of Wet-As-received-CF and Wet-CNT-CF decreased due to water absorption, the decrease rate of Wet-CNT-CF is lower than that of the Wet-As-received-CF. The decrease rate due to water absorption was suppressed by CNT grafting on carbon fibers. For both As-received-CF and CNT-CF, the fiber-matrix interfacial shear strength of the Redry specimen is almost the same as the dry specimen. Re-drying can recover the fiber-matrix interfacial shear strength after water absorption. Figure 8 shows the SEM images of pulled-out carbon fibers. In Dry-As-received-CF, the fiber surface is smooth and resin does not remain on the fiber surface. The fiber surface is similarly smooth in Wet-As-received-CF as well as in Redry-As-received-CF. However, in Wet-CNT-CF, a small amount of resin remains on the fiber surface. Furthermore, resin remains on the fiber surface close to the meniscus in Dry-CNT-CF and Redry-CNT-CF.
The shear strength of polyamide 6 is reported to be about 95% of its tensile strength [25] . The shear strength of polyamide 6 used in this study was not reported. However, considering that the tensile strength of PA6 (1015B) is 71 MPa [26] , the shear strength is assumed to be around 67 MPa. The fiber-matrix interfacial shear strength of Dry-CNT-CF is close to the shear strength of the matrix resin of polyamide 6. Due to the high fiber-matrix interfacial shear strength of CNT-grafted carbon fiber reinforced polyamide 6, fracture is considered to occur in the resin instead of the fiber-matrix interface and, therefore, the resin remains on the fiber surface of Dry-CNT-CF.
In our previous study, we conducted single fiber pull-out tests at high temperature using carbon fiber reinforced polyamide resin and analyzed the thermal expansion of polyamide 6 [27] . Figure 9 shows the schematic drawing of residual stress at the fiber-matrix interface, which is decreased by high temperature. During the preparation process of the specimen, resin tightens the fiber due to the thermal shrinkage of the resin. This tightening stress will be the residual stress at the fiber-matrix interface. We have clarified that the expansion of the resin by high temperature in the radially outward direction reduced the residual stress as shown in Figure 9 , and decreased the fiber-matrix interfacial shear strength in the pull-out tests [27] . Figure 10 shows a schematic drawing of the residual stress that varied by water absorption and re-drying. Polyamide (PA) 6 expanded with the weight increase by the water absorption as shown in Figure 6 , which is similar to the behavior at high temperature. The fiber-matrix interfacial shear strength is considered to decrease after water absorption because of the reduction of residual stress that tightens the fiber in the single fiber pullout test. Corresponding to the behavior of the length change of PA6 by water absorption and re-drying after water absorption as shown in Figure 6 , while water absorption decreased the fiber-matrix interfacial shear strength, re-drying recovered the fiber-matrix interfacial shear strength. Figure 11 shows a schematic drawing of the residual strength affected by CNT grafting. In CNT-CF, even if the residual stress was reduced by water absorption, the bonding between the fiber and the resin is maintained due to the mechanical interlocking by CNTs. Therefore, the decrease rate of the fiber-matrix interfacial shear strength by water absorption in CNT-CF is considered to be lower than that in As-received-CF. strength is considered to decrease after water absorption because of the reduction of residual stress that tightens the fiber in the single fiber pullout test. Corresponding to the behavior of the length change of PA6 by water absorption and re-drying after water absorption as shown in Figure 6 , while water absorption decreased the fiber-matrix interfacial shear strength, re-drying recovered the fiber-matrix interfacial shear strength. Figure 11 shows a schematic drawing of the residual strength affected by CNT grafting. In CNT-CF, even if the residual stress was reduced by water absorption, the bonding between the fiber and the resin is maintained due to the mechanical interlocking by CNTs. Therefore, the decrease rate of the fiber-matrix interfacial shear strength by water absorption in CNT-CF is considered to be lower than that in As-received-CF. strength is considered to decrease after water absorption because of the reduction of residual stress that tightens the fiber in the single fiber pullout test. Corresponding to the behavior of the length change of PA6 by water absorption and re-drying after water absorption as shown in Figure 6 , while water absorption decreased the fiber-matrix interfacial shear strength, re-drying recovered the fiber-matrix interfacial shear strength. Figure 11 shows a schematic drawing of the residual strength affected by CNT grafting. In CNT-CF, even if the residual stress was reduced by water absorption, the bonding between the fiber and the resin is maintained due to the mechanical interlocking by CNTs. Therefore, the decrease rate of the fiber-matrix interfacial shear strength by water absorption in CNT-CF is considered to be lower than that in As-received-CF. strength is considered to decrease after water absorption because of the reduction of residual stress that tightens the fiber in the single fiber pullout test. Corresponding to the behavior of the length change of PA6 by water absorption and re-drying after water absorption as shown in Figure 6 , while water absorption decreased the fiber-matrix interfacial shear strength, re-drying recovered the fiber-matrix interfacial shear strength. Figure 11 shows a schematic drawing of the residual strength affected by CNT grafting. In CNT-CF, even if the residual stress was reduced by water absorption, the bonding between the fiber and the resin is maintained due to the mechanical interlocking by CNTs. Therefore, the decrease rate of the fiber-matrix interfacial shear strength by water absorption in CNT-CF is considered to be lower than that in As-received-CF. 
Conclusions
In this study, the effects of water absorption on the fiber-matrix interfacial shear strength of carbon fiber reinforced polyamide resin and CNT-grafted carbon fiber reinforced polyamide resin were clarified by the single fiber pull-out test. Specimens were preserved in air, then in water for 24 h and re-dried after water absorption. The investigation yielded the following conclusions.
1. The length of polyamide 6 increased by 2.4% after it was immersed in pure water at 80 °C for 24 h. After polyamide 6 was re-dried in a hot chamber at 80 °C for 24 h, the length returned to almost the same length as the initial condition (0.05%). Corresponding to the behavior of the length change of PA6 by water absorption and re-drying, while water absorption decreased the fiber-matrix interfacial shear strength, re-drying recovered it. 2. In CNT-CF, even if the residual stress was reduced by water absorption, the bonding between the fiber and the resin is maintained due to the mechanical interlocking by CNTs. Therefore, the decreased rate of the fiber-matrix interfacial shear strength by water absorption in CNT-CF is lower than that in As-received CF. 
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The length of polyamide 6 increased by 2.4% after it was immersed in pure water at 80 • C for 24 h. After polyamide 6 was re-dried in a hot chamber at 80 • C for 24 h, the length returned to almost the same length as the initial condition (0.05%). Corresponding to the behavior of the length change of PA6 by water absorption and re-drying, while water absorption decreased the fiber-matrix interfacial shear strength, re-drying recovered it. 2.
In CNT-CF, even if the residual stress was reduced by water absorption, the bonding between the fiber and the resin is maintained due to the mechanical interlocking by CNTs. Therefore, the decreased rate of the fiber-matrix interfacial shear strength by water absorption in CNT-CF is lower than that in As-received CF.
